Background: Daptomycin is a cyclic lipopeptide with potent activity and broad spectrum against Gram-positive bacteria currently used for the treatment of complicated skin and skin structure infections and bacteremia, including right sided endocarditis. We evaluated the in vitro activity of this compound and selected comparator agents tested against clinical strains of staphylococci and enterococci collected in European medical centers in 2005.
Background
Gram-positive bacteria, especially staphylococci and enterococci, are extremely important pathogens causing infections in the hospital environment. Staphylococcus aureus, coagulase-negative staphylococci (CoNS) and enterococci are among the five most frequently isolated organisms from nosocomial bloodstream infections (BSI) [1, 2] . These three pathogens are responsible for approximately one-half of the cases of BSI in North American medical centers evaluated by the SENTRY Antimicrobial Surveillance Program [1] .
Oxacillin (methicillin)-resistant S. aureus (MRSA) is currently recognized as a major problem in hospitals worldwide [3] . The 2004 National Nosocomial Infections Surveillance (NNIS) system report identified methicillin resistance in 59.5% of S. aureus infections in intensive care unit (ICU) patients [4] . This represented an 11% increase in resistance compared with rates for the period 1998 to 2002. The SCOPE project report showed a significant increase in the proportion of S. aureus isolates resistant to methicillin among patients in ICUs from 1995 to 2001 (22% vs. 57%; P < 0.001) [5] . In hospitalized pediatric patients with staphylococcal BSI, the proportion expressing methicillin resistance increased from 10% in 1995 to 29% in 2001 [6] . Furthermore, MRSA has recently emerged as an important cause of community-acquired infection in many parts of the United States (USA) [7] .
A dramatic rise in frequency of enterococcal infections and the prevalence of vancomycin-resistant enterococci (VRE) occurred during the 1990s in the USA, first in ICUs, then essentially throughout hospitals [8] [9] [10] . The 2004 NNIS report indicated that nearly 30% of all enterococci isolated from patients infected in ICUs were resistant to vancomycin [4] . Although most European countries were able to control the hospital dissemination of VRE in the 1990s, the prevalence of this pathogen has recently increased dramatically in many European countries [8, 11] .
Daptomycin is a cyclic lipopeptide derived from Streptomyces roseosporus [12] [13] [14] . The mode of action is unique in that it binds to bacterial membranes, in the presence of physiological levels of calcium ions [15, 16] . Daptomycin is primarily effective against Gram-positive bacteria, due to its inability to penetrate the outer membrane of Gramnegative organisms [17] . It is available as an intravenous drug and exhibits linear kinetics and is rapidly bactericidal [12, [16] [17] [18] . Daptomycin is active against a wide range of multidrug-resistant (MDR) organisms for which there are very few therapeutic alternatives, such as MRSA and VRE. Due to daptomycin's requirement of calcium to be present for effective binding to the bacterial membrane, susceptibility testing requires appropriate supplementation of calcium to simulate levels found in human serum (45-55 mg/L) [14] [15] [16] .
Daptomycin was approved by the USA Food and Drug Administration (FDA) in September 2003 for the treatment of complicated skin and skin structure infections (cSSTI) at a dosage of 4 mg/kg every 24 hours; and more recently for the treatment of S. aureus bacteremia with or without right sided infectious endocarditis at a dosage of 6 mg/kg every 24 hours [12, 17, 19] . Daptomycin has also been recently approved by the European Medicines Agency (EMEA) for the treatment of cSSTI [20] . In addition, the European Committee for Antimicrobial Susceptibility Testing (EUCAST) has assigned daptomycin breakpoints for staphylococci and streptococci [21] , which are ≤ 1 mg/L for susceptible (similar to Clinical and Laboratory Standards Institute [CLSI] and US-FDA breakpoints) and ≥2 mg/L for resistance [22] .
We have recently published a comprehensive analysis of the antimicrobial susceptibility of Gram-positive bacteria collected in European medical centers in previous years (2002) (2003) (2004) [11] . In the present study, we summarize the antimicrobial activity results of daptomycin and several comparator agents tested against 4,640 clinical staphylococcal and enterococcal isolates collected in 2005. Identifications were performed by the submitting laboratories and confirmed in the monitoring laboratory (JMI Laboratories, North Liberty, Iowa, USA) using standard biochemical algorithms and/or the Vitek System (bioMerieux, Hazelwood, Missouri, USA).
Methods

Bacterial strains
Antimicrobial agents and susceptibility testing
Daptomycin and selected comparator agents were tested by CLSI (formerly the NCCLS) criteria [22] . All strains were tested for antimicrobial susceptibility by the broth microdilution method. Dry-form, validated microdilution panels and broth reagents were manufactured by TREK Diagnostics (Cleveland, OH, USA). Mueller-Hinton Broth (MHB) adjusted to contain physiological levels of calcium (50 mg/L) was used when testing daptomycin [15] . Comparator agents included those representing the most common classes and examples of drugs used for the empiric or directed treatment of the indicated pathogen.
The isolates were categorized as susceptible and resistant according to CLSI guidelines [22] . A daptomycin susceptible breakpoint of ≤ 1 mg/L was used for staphylococci, while ≤ 4 mg/L was used for enterococci, as approved by the USA-FDA, CLSI and EUCAST [12, [20] [21] [22] . The following quality control organisms were concurrently tested: E. faecalis ATCC 29212, and S. aureus ATCC 29213.
Results
The isolates were collected mainly from bloodstream infection (55.1%), skin and skin structure infections (22.3%) and pneumonia (8.1%). France (940 strains; 20.3% of all isolates), Germany (848 strains; 18.3%) and Italy (519 strains; 11.2%) contributed with the highest number of strains; while Greece (78 strains; 1.7%), Israel (187 strains; 4.0%) and Switzerland (217 strains; 4.7%) supplied the lowest number of samples ( Table 1 ). The frequencies of oxacillin resistance among staphylococci and vancomycin resistance among enterococci by country are listed in Table 2 , and showed that oxacillin resistance rates varied from 2.1% in Sweden (187 strains) to 42.5% in the United Kingdom (UK; 153 strains) and 54.7% in Ireland (203 strains) among S. aureus (29.1% overall). Oxacillin resistance rates were most elevated among CoNS strains, varying from 53.3% in the UK (30 strains) to 83.3% in Greece (24 strains). Vancomycin-resistant E. faecalis strains were detected only in Italy (one strain; 1.6%) and UK (five strains; 17.9%), while among E. faecium, the vancomycin resistance rates varied from 0.0% in France, Sweden and Switzerland to 66.7% in the UK (18 strains) and 71.4% in Ireland (14 strains), with an all Europe rate of 17.9% (Table 2) .
Daptomycin was generally very potent against the Grampositive organisms collected in European medical centers in 2005 (Table 3 ). All S. aureus strains were inhibited at a daptomycin MIC of ≤1 mg/L (100.0% susceptible) with a MIC 50 (Table  3) .
Daptomycin was also highly active against enterococci (Table 3) . Among 646 tested E. faecalis (MIC 50 , 0.5 mg/L; MIC 90 , 1 mg/L; 100% susceptible) the highest daptomycin MIC value was only 2 mg/L (2.2% of strains tested); while among E. faecium (MIC 50 , 2 mg/L; MIC 90 , 4 mg/L; 100% susceptible) the highest MIC value was 4 mg/L.
MSSA strains showed high rates of susceptibility (>95%) to most comparison antimicrobial agents tested except erythromycin (85.9% susceptibility), ciprofloxacin (93.0%) and levofloxacin (93.9%). In contrast, resistance rates to many agents were high among MRSA strains (Table 4) . The most active compounds tested against this pathogen (100.0% susceptible) were daptomycin (MIC 90 , 0.5 mg/L), linezolid (MIC 90 , 2 mg/L), teicoplanin (MIC 90 , ≤2 mg/L) and vancomycin (MIC 90 , 1 mg/L; Table 4 ). CoNS showed higher rates of resistance compared to S. aureus. The fluoroquinolones, ciprofloxacin and levofloxacin, were active against only 86.9 and 87.3% of MSCoNS, respectively. In contrast, daptomycin, linezolid and vancomycin were the only compounds active against 100.0% of MR-CoNS at the susceptible breakpoint (Table  4) . It is important to note the emergence of quinupristin/ dalfopristin resistance among both MRSA (98.6% susceptible) and MR-CoNS (99.3% susceptible).
Daptomycin (MIC 90 , 0.5 mg/L; 100.0% susceptible), ampicillin (MIC 90 , 2 mg/L; 99.4% susceptible) and linezolid (MIC 90 , 2 mg/L; 100.0% susceptible) were very active against E. faecalis, and only six vancomycin-resistant E. faecalis strains (0.9%) were detected in Europe in 2005 (Table 4) . These strains were from Italy (one strains) and the UK (five strains), and all six strains showed low daptomycin MIC values (0.25 -1 mg/L). On the other hand, E. faecium exhibited high rates of resistance to most antimicrobials tested. Resistance to vancomycin was observed in 17.9% of E. faecium strains ( 
Discussion
The treatment of serious MRSA infections presents a great challenge to clinicians, particularly bacteremias and infective endocarditis, for which bactericidal therapy is essential to maximize successful clinical outcomes [23, 24] . Vancomycin has been the preferred antimicrobial agent to treat such MRSA infections; however, the clinical efficacy of this glycopeptide has become more limited [24] [25] [26] [27] [22, [27] [28] [29] [30] . Linezolid and quinupristin-dalfopristin represent alternative treatment options for serious MRSA infections; however, these compounds also possess important limitations. Quinupristin-dalfopristin, a streptogramin combination, requires a central venous access to be administrated and has been linked to some adverse events such as arthralgia and myalgia [31, 32] . Concerns with linezolid, an oxazolidinone, include possible hematologic toxicity of long-term treatment and the fact that it is a bacteriostatic agent against staphylococci and enterococci and is not indicated for the treatment endocarditis and serious infections in immuno-suppressed patients [31, 33] .
Although they are relatively nonvirulent organisms, the enterococci have become increasingly common nosocomial pathogens because they are resistant to many antimicrobials and can survive in the environment for prolonged periods of time. Enterococci are intrinsically resistant to multiple antimicrobial agents. Furthermore, other agents that are active in vitro, such as vancomycin, are not bactericidal at clinically achievable concentrations. As shown in the present study, E. faecium is usually resistant to ampicillin, and this type of resistance has been reported as a significant predictor of treatment failure [9, 34] . Combination therapy of a cell-wall active agent plus an aminoglycoside has become the "standard of care" for patients with serious enterococcal infections, such as endocarditis or BSI, but the prevalence of high-level resistance to aminoglycosides and to ampicillin are increasing, leaving glycopeptides as the remaining class of active antimicrobials. Clearly, the emergence of VRE has further complicated therapeutic options [35] .
Two antimicrobial agents have been approved specifically for the treatment of VRE infections: quinupristin/dalfopristin and linezolid [31, 36] . However, quinupristin/dalfopristin MIC 90 results (16 mg/L) for E. faecalis systemic infections exceeds the maximum achievable serum concentrations, making this compound inactive for E. faecalis [9, 32] , and resistance among E. faecium has been recently increasing, especially in Europe among vancomycinresistant strains [11, 35, 37] . In this presented study, only 70% of E. faecium were susceptible to quinupristin/dalfopristin. On the other hand, linezolid has potent in vitro activity against both vancomycin-resistant E. faecalis and E. faecium, as well as good therapeutic efficacy for VRE bacteremia in mice [31, 33, 34] . However, as mentioned previously, linezolid has not been recommended for the treatment of endocarditis or serious infections in immuno-suppressed patients due to its predominantly bacteriostatic activity. In addition, the emergence of oxazolidinone resistance has been reported, especially in patients who receive prolonged courses of therapy [33, 38] .
Conclusion
Daptomycin is the first member of a novel class of antimicrobial agents, the cyclic lipopeptides [13, 14] . It has broad-spectrum and potent bactericidal activity against
Gram-positive pathogens, including MRSA and VRE [39] [40] [41] [42] . This compound has demonstrated activity against both growing and stationary-phase bacteria [12] [13] [14] , [16] [17] [18] . Here daptomycin was recognized as highly active against S. aureus and CoNS, including oxacillin-resistant strains. Only one strain showed a daptomycin MIC value >1 mg/L (a CoNS strain with MIC value of 4 mg/L). Vancomycin (MIC 50 , 1 mg/L) and linezolid (MIC 50 , 1 -2 mg/ L) were active against all staphylococcal strains tested. However, daptomycin (MIC 50 , 0.25 -0.5 mg/L) was fourfold more potent than these key comparison bacteriostatic antimicrobials. Furthermore, all enterococci, including vancomycin-resistant strains were susceptible to daptomycin and resistance rates were relatively high to all other compounds tested, except linezolid (see Table 4 ).
In summary, daptomycin showed excellent in vitro activity in a surveillance study against staphylococci and enterococci collected in European medical centers in 2005.
Resistance to oxacillin, vancomycin, quinupristin/dalfopristin did not compromise daptomycin potency against these pathogens. Based on these results and those of previous publications [11, 43, 44 ], daptomycin appears to be an excellent therapeutic option for serious infections caused by MRSA, MR-CoNS and VRE (especially E. faecium) in Europe.
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